Background: Ghrelin is a novel growth hormone releasing peptide that mainly regulates food intake and energy homeostasis, however, recently, it is indicated that it may be closely related with physiological and/ or pathological angiogenesis. Objectives: The objective of the present study was to evaluate the effect of systemic ghrelin administration on angiogenesis in hindlimb ischemia in normal and diet-induced obese mice. Methods: 24 male C57BL/6 mice were fed with high-fat diet (HFD) or standard for 14 weeks. Then, the mice underwent unilateral hindlimb ischemia. Next, each group was divided into the two subgroups: treatment with ghrelin (100 μg/kg, twice daily, Sc) or without treatment. After 10 days, the animals were sacrifi ced, blood samples were taken and the gastrocnemius muscles removed. Results: There was no signifi cant difference in capillary/fi ber ratio in hind limb ischemia between obese and control groups. Administration of ghrelin reduced serum nitric oxide (NO) and leptin and increased vascular endothelial growth factor (VEGF) concentrations in obese mice, however, did not change the capillary/fi ber ratio in ischemic legs. Conclusion: Systemic administration of ghrelin did not restore angiogenesis in hindlimb ischemia in control and diet-induced obese mice (Fig. 4, Ref. 35 ). Text in PDF www.elis.sk.
Obesity, a complex metabolic disorder, is created following a prolonged dysbalance of caloric intake and energy expenditure (1) and is associated with the most chronic and severe human diseases including type 2 diabetes, hypertension, cardiovascular diseases, stroke and certain types of cancer such as colorectal, breast and prostate cancers (2) . During positive energy balance, there is an increased number and size of white adipocytes, that is dependent critically to angiogenesis (3) . Blood vessels by providing nutrients and oxygen, growth factors and cytokines in plasma supply growth and survival signals in adipocytes to mainten their physiological functions (4) .
Angiogenesis, that is the formation new blood vessels from preexisting ones, spatially and temporally is associated with adipogenesis (5) . Angiogenesis is involved in a series of physiological and pathological process including embryonic development, wound healing, chronic infl ammation, tumor progression and revascularization of the myocardium following myocardial infarction (MI) (6) . Increase in adipocyte size lead to hypoxia in adipose tissue and induction of transcription factor of hypoxia inducible factor (HIF-1) (7). This in turn through binding to the hypoxia response element (HRE) of target genes such as VEGF (vascular endothelial growth factor) and angiopoietin 2 induce an angiogenic response (8) .
Ghrelin is a novel growth hormone released mainly from the stomach (9) . It is involved in food intake, regulation of appetite and energy homeostasis, in addition modulation of gastrointestinal, cardiovascular, pulmonary and immune functions, cell proliferation/apoptosis (10) . A number of in vivo and in vitro studies have reported that it can be as a pro-angiogenic or anti-angiogenic factor and thus may be closely related with angiogenesis (11) .
Hindlimb ischemia is a clinical manifestation of peripheral arterial disease (PAD) (12) . Since obesity and type 2 diabetes are considered as two of the strongest risk factors for the development of PAD (13) , the objective of present study was to evaluate the effect of systemic ghrelin administration on angiogenesis in hindlimb ischemia in normal and diet-induced obese mice.
Materials and methods

Animals
24 male mice C57BL/6J, 20-30 g, 5 weeks old obtained from Pasteur Institute of Iran. They were housed on a 12 h light / 12 h dark cycle at 25 °C room temperature with free access to food and water ad libitum. The animals were acclimatized to the laboratory conditions for 7 days and then, randomly assigned into the two groups: obese and control (n = 12 each). The ethical committee of the Isfahan University of Medical Sciences approved all study protocol.
Animal diets
Obesity was induced by feeding of the mice with high-fat diet (HFD) (labratories BioServ, Cat #F3282, USA) (14) included 59 % fat, 27 % carbohydrate, 14 % protein for 14 weeks. The control groups received standard diet (Pasteur Institute, Iran). Body weights of the animals were monitored weekly.
Hindlimb ischemia model and treatment groups
After 14 weeks, the mice underwent unilateral hindlimb ischemia surgery. For this purpose, the mice were anaesthized by intraperitoneal injection of ketamin (75 mg/kg) and xylazine (7.5 mg/ kg). Then, an incision was made in the skin overlying the middle portion of the left hindlimb. The femoral artery and its associated branches and vein were isolated, ligated and excised (15) . The animals were followed up for next 48 h. Then, the mice were randomly assigned to one of the following experimental groups: control and obese groups treated with ghrelin, control and obese groups received vehicle (n = 6 each group). Ghrelin was injected subcutaneously, twice daily, at the dose of 100 μg/kg (Tocris Co. Bristol, UK) for 10 days (16) . Then, the animals were sacrifi ced, blood samples were taken and the gastrocnemius muscles harvested for immunohistochemical staining.
Biochemical analysis
Blood samples were centrifuged for 30 minutes. The serums were removed and stored at less than -20 °C for subsequent analysis. The serum levels were measured in each case by sandwich enzyme immunoassay using specifi cally available kits. Mouse VEGF and soluble form of VEGF receptor-1 (sVEGFR1) kits (R&D systems, Minneapolis, MN, USA), mouse Leptin kit (Invitrogen, Camarillo, CA 93012), mouse Insulin kit (Mercodia, 
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Uppsala, Sweden) and serum nitrite, the main metabolite of nitric oxide (NO) (Promega Corp, USA) were measured according to the manufacturer's instructions. The minimum sensitivity of VEGF and sVEGFR-1 assays were 3.9 pg/ml and 3.8 pg/ml, respectively with an intra-and interassay coeffi cients of variation less than 10 % and 5 %, respectively. The limit of detection of serum nitrite and insulin concentration is 2.5μM and ≤ 0.2 μg/l respectively. The minimum detectable dose of mouse leptin is < 50 pg/ml.
Capillary density analysis
Tissue samples were obtained from gastrocnemius muscles on postoperative day 10 and put in formalin 10 % solution. Fixed gastrocnemius muscles were paraffi n-embedded and cut into 4 μm thickness and applied on silanized glass slides for immunohistochemical assays. Endothelial cells were identifi ed by using primary antibody (rabbit anti-mouse CD31; 1:50; Abcam Co.). The angiogenesis was expressed as the numbers of CD31-positive cells and capillary/fi ber ratio, which were counted using an Olympus light microscope at × 40 magnifi cations in fi ve different fi elds for each skeletal muscle.
TUNEL assay
Apoptosis in skeletal muscle was detected using TUNEL staining (terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling) (Roche, Germany). Tissue slides were deparaffi nized and treated with proteinase K (20 μg/ml). Then, the slides were incubated with terminal deoxynucleotidyl transferase (TdT) for 1 hour also, peroxidase antibody for 30 minutes at 37 °C. During the TUNEL procedure, tissue slides were washed in PBS (phosphate-buffer saline) (pH 7.4). Finally, TUNEL positive cells were counted in 5 different fi elds for each mouse using an Olympus light microscope at ×40 magnifi cation. The apoptosis was expressed as the TUNEL positive nuclei per fi eld. 
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Statistical analysis
All values were expressed as the mean ± S.E.M. The statistical software SPSS version 16 was used for data analysis. The significance of differences between groups was assessed with one-way ANOVA. Correlation analysis was examined using the Pearson's correlation coeffi cient. p value less than 0.05 was considered statistically signifi cant.
Results
Body weight
Body weights were measured at the beginning of the experiment (week 0) and every week for 14 weeks. The body weight in the obese group was signifi cantly higher than control (p < 0.05) (Fig. 1) .
Blood glucose and serum insulin
Blood glucose level in diet-induced obese mice was signifi cantly higher than in the control groups (p < 0.05). Ghrelin treatment did not change blood glucose level in obese and control groups (p > 0.05). There was signifi cant difference in insulin concentration between control and obese mice. Ghrelin decreased serum insulin levels in obese group (p < 0.05) without signifi cantly changes in control animals.
Serum biomarkers of angiogenesis: effect of ghrelin
HFD produced higher serum leptin levels compared to control animals (p < 0.05) (Fig. 2 A) . Serum nitrite level in obese animals was signifi cantly higher than control mice (p < 0.05) (Fig. 2 B) , while, serum VEGF and sVEGFR1 concentrations were not different between obese and control groups (p > 0.05) (Fig. 2 C, D) . Treatment with ghrelin increased serum VEGF and decreased serum NO and leptin levels in obese mice (p < 0.05).
Angiogenesis in hindlimb ischemia muscle: effect of ghrelin
Quantitative analysis of CD31 positive cells in hindlimb ischemic muscles by immunohistochemistry showed that ghrelin administration did not change the number of CD31 positive cells in obese group, however reduced in control mice (p < 0.05) and did not alter the number of myofi bers (p > 0.05) (Fig. 3 E, F) . However, since during hindlimb ischemia muscle atrophy or edema is a common phenomenon (17), we evaluated the capillary/fi ber ratio and there were no differences between obese and control groups (p > 0.05). Ghrelin administration did not change the capillary/fi ber ratio in obese and control groups (p > 0.05) (Fig. 3 G) . Samples of immunohistochemical staining were presented in Figures 3 A-D .
Correlation analysis
Scatter plots in Figure 3H presents a negative correlation between the number of CD31 positive cells in the ischemic skeletal muscle and serum leptin levels (r = -0.47, p = 0.23).
Apoptosis after hindlimb ischemia: effect of ghrelin
There was an increased apoptosis in the ischemic muscle of obese mice compared to that in the control group as determined by TUNEL staining (p < 0.05). Ghrelin treatment did not alter apoptosis in the ischemic muscle in obese and control group (p > 0.05) (Fig. 4 E) . Samples of immunohistochemical staining were presented in Figures 4 A-D .
Discussion
This study examined the effect of systemic ghrelin administration on angiogenesis in hindlimb ischemia in normal and dietinduced obese mice.
We demonstrated that HFD decreased the number of CD31 positive cells in ischemic skeletal muscle, however, capillary/myofi bers ratio was not different between obese and control groups. On the other hand, measurement of the serum parameters exhibited that obese animals had higher serum NO and leptin levels than that control mice.
Leptin is an adipocyte derived hormone substantially involved in the weight regulation by infl uencing the food intake and energy expenditure. Several studies have reported that it also has a direct pro-angiogenic activity (18) . NO, the key regulator of vascular and metabolic homeostasis, is a product of an enzymatic reaction catalyzed by one of the three isoforms of NO synthase (NOS) (19) . Leptin is an adipocyte derived hormone and its serum levels are correlated with body mass index (BMI) (20) . Several studies have shown that HFD led to hyperleptinemia and leptin resistance (21) . Obesity is associated with chronic low grade infl ammation condition (22) and leptin can induce the iNOS (inducible nitric oxide synthase) expression and NO production in infl ammatory conditions such as obesity (23) . Also, HFD causes upregulation of infl ammatory cytokines such as iNOS and ROS (reactive oxygen species) and down regulation of superoxide dismutase (SOD) that in turn can lead to impaired vasodilatation and reduced sensitivity to vasoconstrictors (24) that possibly can be involved in impaired angiogenic response in obesity.
We also demonstrated that HFD produced a higher blood glucose and serum insulin levels than the control group. HFD with upregulation of ROS can cause a progression of insulin resistance (25) . Evidence shows ROS effects on vascular function is dose dependent. Under physiological condition, it modulates pro-angiogenic pathway and higher levels of ROS impairs neovascularization (26) . In obese mice, onset of hyperleptinemia occurs prior to that hyperinsulinemia and insulin resistance (27) and a number of studies have demonstrated that murine leptin can increase insulin secretion (28) . Insulin resistance in turn can lead to impaired neovascularization and APC (angiogenic progenitor cell) mobilization (29) that possibly can be involved in impaired angiogenic response in obesity.
Accordingly, the capillary rarefaction in our study reduced the number of myofi bers in ischemic muscle of obese mice that possibly could in consequence increase the apoptosis in obese mice and involve an impaired angiogenesis. One of the obesity complications is an ectopic accumulation of lipids in non-adipose tissue such as skeletal muscle that occurs in consequence of increased adipose tissue lipolysis, it is termed lipotoxicity. It also can lead to cell dysfunction or cell death (30) . Furthermore, obesity is associated with chronic low-grade infl ammation condition and activation of infl ammatory mediators and signaling pathways that can lead to apoptosis in vascular cells of the skeletal muscle.
In the correlation analysis, we found a negative correlation between the number of CD31 positive cells in the skeletal muscle and serum leptin levels that confi rmed the negative effect of leptin on angiogenesis in the skeletal muscle in obese mice.
We also showed that ghrelin treatment could not change the capillary/myofi bers ratio in ischemic legs of obese and control group. In addition, ghrelin administration did not alter apoptosis in obese and control groups. The biochemical analysis revealed that ghrelin could increase serum VEGF and decrease NO, leptin and insulin levels in obese mice.
Ghrelin a peptide of 28 amino acids is recognized as an important factor for stimulation of appetite and increased food intake. In addition, a number of studies have showed it could be a pro-angiogenic or anti-angiogenic factor and maight be closely related with angiogenesis (31, 32) .
VEGF is a major angiogenic factor that most of the angiogenic activity in adipose tissue attributed to (33) possibly; there was an impaired signaling despite of elevated VEGF levels by ghrelin that could not alter angiogenic response following ischemia in obese group. In addition, in obesity, there is an extensive infl ammatory response and expression of many infl ammatory mediators. Leptin exerts proinfl ammatory effects and ghrelin dose-dependently inhibits proinfl ammatory mediators. Thus, ghrelin and leptin have mutually antagonistic effects on infl ammatory cytokine expression in infl ammatory condition such as obesity (34) and could be involved in angiogenic response Serum ghrelin levels correlated negatively with insulin concentrations in obesity and insulin resistance that in several studies have been demonstrated. Acylated ghrelin administration possibly causes downregulation of insulin and improvement of insulin sensitivity in obese mice (35) .
Based on our knowledge, no study has been done to evaluate the effect of systemic ghrelin administration on angiogenesis in hindlimb ischemic model and we found that despite the changes in some biomarkers of angiogenesis, systemic administration of ghrelin did not restore angiogenesis in hindlimb ischemia in control and diet-induced obese mice.
